ABSTRACT: We report experimental and computational evidence for nitrogen−fluorine halogen bonding in Ag(I)-initiated radical C−H fluorinations. Simple pyridines form [N−F−N] + halogen bonds with Selectfluor to facilitate singleelectron reduction by catalytic Ag(I). Pyridine electronics affect the extent of halogen bonding, leading to significant differences in selectivity between mono-and difluorinated products. Electronic structure calculations show that halogen bonding to various pyridines alters the single-electron reduction potential of Selectfluor, which is consistent with experimental electrochemical analysis. Multinuclear correlation NMR also provides spectroscopic evidence for pyridine halogen bonding to Selectfluor under ambient conditions.
N oncovalent bonding interactions are broadly important to the field of organic chemistry. Electrostatic interactions including van der Waals forces, π−π stacking, ion-π interactions, and hydrogen bonding are all capable of modulating local electron density, resulting in altered physical or chemical properties. 1−4 Hydrogen bonding in particular has been critical to the development of organocatalysis, where enhanced reactivity or asymmetric transformations may be promoted through hydrogen-bound intermediates. 5 Great advances have been made over several decades, with the design and optimization of new catalysts being guided by experimental and theoretical evaluation of hydrogen bonding networks. 6 Although a hydrogen bond acceptor may be any Lewis basic atom, the very nature of hydrogen bonding limits the hydrogen bond donor to the hydrogen atom. In contrast, electrostatic interactions between a Lewis basic atom and a halogen may provide intermediates of varying physical and chemical properties depending on the size and electronegativity of the halogen in question. 7 Halogen bonding has gained attention as a potential surrogate for hydrogen bonding, and several recent reports demonstrate its utility in promoting organic transformations. 8 Recently, halogen bonding between the fluorine of Selectfluor and electron-rich pyridines has been implicated in generating complexes that participate in single-electron transfer for heterobenzylic radical fluorinations (Scheme 1A). 9 Our concurrent work in this area has suggested that a variety of electronically diverse pyridines interact with Selectfluor to affect Ag(I)-mediated single-electron reduction. We have found that the electronic characteristics of pyridine additives affect the efficiency of benzylic radical fluorination, and counterintuitive trends in product distribution are observed (Scheme 1B).
From our previous report on radical fluorination, we concluded that amino acids acted as ligands to lower the oxidation potential of Ag(I) to produce Ag(II) under mild conditions. 10 Binding Ag(I) through an electron-rich nitrogen atom was critical to promote oxidation, with N-protected amino acids failing to produce any observed reactivity. We subsequently established that pyridine was a suitable ligand for Ag(I), enabling C−H fluorination from previously ineffective Nprotected amino acids. Because a wide variety of pyridines are readily available, we became interested in exploring them as additives for our fluorination protocol. Control reactions with 4-methylbiphenyl (1) showed that Ag(I), Selectfluor, and pyridine were required for fluorination, but amino acid additives were not ( Table 1 , entry 4). Reaction in the presence of (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) produced radicaltrapped adducts and inhibited fluorination (entry 5). 11 No fluorinated products were observed using N-fluoropyridinium tetrafluoroborate as a fluorine source (entry 6), suggesting that fluorine transfer from Selectfluor to pyridine is not the source of reactivity. On the basis of the mechanistic studies of Lectka, we believed pyridine-mediated fluorination occurs via C−H abstraction from the diazabicyclo radical cation 2 formed via single-electron reduction of Selectfluor.
12 This mechanism relies on Ag(I) only as an initiator and does not require a carboxylate to reform Ag(I) via oxidative decarboxylation. In this mechanism, 2 is presumably regenerated via radical fluorination with Selectfluor to continue the radical chain process.
On the basis of these results, we explored a series of 4-substituted pyridines as additives for radical fluorination. Our original hypothesis was that pyridines served to lower the oxidation potential of Ag(I), facilitating electron transfer. Cyclic voltammetry showed that electron-rich pyridines produced Ag(I) species with the lowest oxidation potentials, suggesting facile single-electron transfer to Selectfluor from the electronrich metal. From these results, we expected a catalyst derived from Ag(I) and 4-methyoxypyridine to be optimum for fluorination. However, we were surprised to find that electronrich pyridines were the least effective at promoting radical fluorination of 4-methylbiphenyl (Scheme 2). Using two equivalents of Selectfluor, a clear trend was observed whereby electron-poor pyridines were the most efficient additives, favoring difluorination as the major product. Experiments using a 5-fold excess of Selectfluor show that difluorination is possible from all pyridines examined. In situ ReactIR suggested that pyridines interact directly with the [N−F] + bond of Selectfluor, leading us to consider the possibility of halogen bonding as the source of our unexpected reactivity.
11
Spectroscopic and theoretical work by Erdeĺyi established pyridines as halogen bond acceptors, and his studies showed that the extent of halogen bonding is affected by pyridine electronics. 13 In that work, diagnostic chemical shifts of pyridine 15 11 To further investigate the effects of halogen bonding on the efficiency of our radical fluorinations, we pursued computational evaluation of [N−F− N] + halogen bound intermediates involving pyridines and Selectfluor.
Computational efforts first involved determining the speciation and chemical properties of Ag(I)/pyridine complexes. Calculations using the B3PW91/6-311G(d) model chemistry including implicit solvation by acetonitrile were carried out using a local development version of Gaussian. 15, 16 The calculated Ag(I) oxidation potentials showed that bis-pyridine Ag(I) species are the most likely reductants to initiate radical fluorination.
11 Calculated E 0 values for a series of bis-pyridine Ag(I) adducts were consistent with experimental values measured directly via cyclic voltammetry, confirming that electron-rich pyridines lead to easily oxidized Ag(I) initiators.
With experimental and theoretical results in agreement regarding Ag(I) oxidation, we turned to modeling halogenbound pyridine/Selectfluor complexes. (Table 3 , eq 1). The halogen-bound species are slightly higher in energy (<1−4 kcal/mol) than the unbound species, though subsequent reduction to form diazabicyclo radical cation 2 is quite favorable (Table 3 , eq 2, vide infra).
Computational results suggested that electron-rich pyridines were more effective halogen bond acceptors than electrondeficient pyridines, which agreed with chemical shift data provide in Table 2 . 18 As shown in Table 3 , the energetics of [N− F−N] + bond reduction via single-electron transfer exhibit a clear trend depending on the electronic characteristics of the pyridine. Interestingly, all structures exhibit similar bond lengths for both N−F bonds (∼1.84 Å) in the complex and a linear N−F−N bond angle. We were pleased to note that the reduction of the [N−F−N] + halogen-bound complex is most energetically favorable with an electron-poor pyridine. These data correlate directly to the experimental reactivity trends observed in Scheme 2, whereby electron-poor pyridines are the most efficient at promoting radical fluorination. Studies exploring alternative bonding interactions, including halogen bonding to the chlorine of Selectfluor, showed the only suitable geometry is as shown in structure 3. In addition, because synthetic experimental conditions include water as a cosolvent, the possibility of a mixed hydrogen/halogen bonding network was also explored computationally. 11 The inclusion of discrete water molecules into complex 3 did not converge into meaningful structures, suggesting the effects reported in Table 2 are the result of direct interaction between the pyridine nitrogen and Selectfluor [N−F] + . Exploring the extent to which post-SCF correlation affects the electron density to give rise to the [N−F−N] + weak interaction, we evaluated the difference between MP2 and reference Hartree−Fock electron densities. Scheme 1B shows such a depiction for 3. Electron correlation yields symmetric redistribution of electron density in the two N−F bonding regions, which is consistent with our analysis that post-SCF treatment is required to properly account for the [N−F−N] + weak interactions.
To further explore the effects of pyridine/Selectfluor interactions in the context of radical initiation, we examined the electrochemical reduction of Selectfluor under synthetic conditions. As shown in Scheme 3, Selectfluor produces an irreversible single-electron reduction at approximately −1.18 V.
This value was clearly perturbed by the presence of pyridine additives to yield species that reduce at lower potentials than Selectfluor alone, consistent with the energies calculated for ΔH2 in Table 3 above. On the basis of our combined experimental and computational results, we propose the following mechanism for radical C−H fluorination with Selectfluor via Ag(I)/pyridine initiators (Scheme 4). Analytical electrochemistry and computations demonstrate that Ag(I)/pyridine complexes are better reductants than Ag(I) alone, suggesting a pre-equilibrium to bispyridine Ag(I) complexes. Single-electron transfer to a halogenbound pyridine/Selectfluor complex 3 would produce Ag(II)-[pyr] 2 , pyridine, fluoride anion, and diazabicyclo radical cation 2. C−H abstraction of 1 produces nucleophilic radical 4 that quenches with an additional equivalent of Selectfluor to regenerate 2, propagating the radical reaction. At this stage of investigation, it is unclear whether halogen bonding is required for Selectfluor reduction, or if all Ag(I)[pyr] 2 initiators investigated are sufficiently reducing to produce 2. One contributing factor to the marked difference in efficiency shown in Scheme 2 is unproductive consumption of Selectfluor from electron-rich pyridines. However, it cannot be the only factor affecting reaction efficiency, as the trend correlating pyridine electronics to efficiency holds for pyridines that do not affect the concentration of Selectfluor in an unproductive manner.
In conclusion, we have demonstrated experimental and theoretical evidence supporting the presence of halogen bonding in pyridine-mediated radical fluorinations. Twodimensional NMR shows clear 15 N shifts of pyridine additives when exposed to Selectfluor under synthetic conditions. Counterintuitive trends in reaction efficiency are rationalized via computational modeling of [N−F−N] + intermediates and in situ reaction monitoring, leading to a clearer picture of electron transfer between Ag(I)[pyr] 2 initiators and Selectfluor in the presence of pyridine. Analytical electrochemistry shows that pyridine additives affect the single-electron reduction of Selectfluor, consistently producing species that are more easily reduced. A comprehensive mechanistic picture of radical fluorination likely involves equilibration of pyridine with both Ag(I) and Selectfluor, leading to a complicated kinetic scenario that we are currently studying via in situ reaction monitoring and computational modeling.
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